Macroscopic mechanical oscillators have been coaxed into a regime of quantum behaviour by direct refrigeration 1 or a combination of refrigeration and laser-like cooling 2, 3 . This result supports the idea that mechanical oscillators may perform useful functions in the processing of quantum information with superconducting circuits [4] [5] [6] [7] , either by serving as a quantum memory for the ephemeral state of a microwave field or by providing a quantum interface between otherwise incompatible systems [8] [9] [10] [11] [12] [13] [14] . As yet, the transfer of an itinerant state or a propagating mode of a microwave field to and from a storage medium has not been demonstrated, owing to the inability to turn on and off the interaction between the microwave field and the medium sufficiently quickly. Here we demonstrate that the state of an itinerant microwave field can be coherently transferred into, stored in and retrieved from a mechanical oscillator with amplitudes at the single-quantum level. Crucially, the time to capture and to retrieve the microwave state is shorter than the quantum state lifetime of the mechanical oscillator. In this quantum regime, the mechanical oscillator can both store quantum information and enable its transfer between otherwise incompatible systems.
Macroscopic mechanical oscillators have been coaxed into a regime of quantum behaviour by direct refrigeration 1 or a combination of refrigeration and laser-like cooling 2, 3 . This result supports the idea that mechanical oscillators may perform useful functions in the processing of quantum information with superconducting circuits [4] [5] [6] [7] , either by serving as a quantum memory for the ephemeral state of a microwave field or by providing a quantum interface between otherwise incompatible systems [8] [9] [10] [11] [12] [13] [14] . As yet, the transfer of an itinerant state or a propagating mode of a microwave field to and from a storage medium has not been demonstrated, owing to the inability to turn on and off the interaction between the microwave field and the medium sufficiently quickly. Here we demonstrate that the state of an itinerant microwave field can be coherently transferred into, stored in and retrieved from a mechanical oscillator with amplitudes at the single-quantum level. Crucially, the time to capture and to retrieve the microwave state is shorter than the quantum state lifetime of the mechanical oscillator. In this quantum regime, the mechanical oscillator can both store quantum information and enable its transfer between otherwise incompatible systems.
Mechanical oscillators are particularly appealing for storing or transducing quantum information encoded in microwave fields, because their fabrication is compatible with, and they are similar in size to, superconducting quantum circuits. Indeed, a high-frequency mechanical oscillator has been combined with a superconducting quantum bit (qubit), demonstrating the transfer of a qubit state to the oscillator 1 . Although that was an impressive demonstration, the few-nanosecond lifetime of the oscillator, which was much shorter than the lifetime of the qubit, suggests that lower-frequency oscillators with much longer lifetimes may form superior quantum memories and transducers. This is particularly true for storing the information in an itinerant mode of a microwave field, for which the characteristic time to acquire a new value is about 100 ns (refs 15-17) . The penalty for working with a low-frequency oscillator is that the oscillator will not naturally be in its quantum ground state, but rather a hot thermal state. For example, an oscillator with a resonance frequency of V m 5 2p 3 10 MHz in equilibrium with an environment at temperature T env 5 25 mK will contain a statistically fluctuating number of quanta with average value n env ; [exp(BV m /k B T env ) 2 1] -1 5 50 quanta, where k B is the Boltzmann constant and B is Planck's constant divided by 2p. Fortunately, embedding the mechanical oscillator in a high-frequency resonant circuit creates an interaction between the mechanical oscillator and itinerant microwave fields that can be used cool the oscillator to its ground state 2 . Here we show that this same interaction can exchange the state of an itinerant microwave field with the state of the macroscopic mechanical oscillator. This exchange simultaneously transfers the information from travelling microwave fields in a transmission line to the mechanical oscillator, while converting the state of the oscillator to itinerant microwaves. Because the microwave fields are in a pure state, this prepares the oscillator in a low-entropy state with an average thermal noise below the single-quantum level. We demonstrate that this lowentropy state is preserved for a characteristic time of 90 ms, which is about 190 times longer than the minimum transfer time.
Our mechanical oscillator is the fundamental drumhead mode of a thin (100 nm), 15-mm-diameter superconducting aluminium membrane, which forms the upper plate of a 50-nm vacuum gap capacitor 18 ( Fig. 1a) . This arrangement forms a parallel-plate capacitor that, together with a spiral inductor, creates a microwave resonant circuit with resonant frequency v c <2p|7:5 GHz. We couple energy to and from the circuit by means of a nearby transmission line, and determine the device parameters from spectroscopic measurements (similar to ref. The key to our state transfer measurements is the ability to switch the coupling between the mechanical oscillator and the resonant circuit rapidly on and off. That the two systems are coupled can be understood from the fact that the motion of the oscillator changes 1 the circuit's resonance frequency, v c . The coupling can be described by an interaction Hamiltonian H int~B Gxâ {â , where G 5 dv c /dx,â and a { respectively correspond to the annihilation and creation operators for microwave photons,x~x zpb { zb is the position operator of the mechanical oscillator, andb andb { respectively are the annihilation and creation operators for mechanical phonons. In the presence of a strong microwave excitation at frequency v d 5 v c 2 V m , we can expressâ in a frame co-rotating at v d asâ~azd. The interaction between the two systems is greatly enhanced and takes the approximate form 14
where N d (t) 5 jaj 2 is the strength of the excitation at v d expressed as the number of photons in the resonator, and g 0 5 Gx zp 5 2p 3 200 Hz. The interaction Hamiltonian now resembles that of a beam splitter and as such it coherently exchanges energy between microwave fields at v c and mechanical phonons, as highlighted by the blue arrow in Fig. 1b . Crucially, the rate of that exchange-the transmission of the beam splitter-is controlled by N d (t), a quantity that we can change. In addition to the dynamics contained within equation (1), energy is also coupled between the resonant circuit and itinerant modes in the transmission line at a rate k ext 5 2p 3 275 kHz. The resonator's linewidth is k 5 k in 1 k ext , where k in is the internal loss rate, which depends on the energy in the resonant circuit 19 . For the range of microwave powers used here, we find that k is between 2p 3 320 kHz and 2p 3 360 kHz. Equation (1), which permits the rapid and coherent exchange between electrical and mechanical energy, is an approximation which assumes that k is small enough to satisfy k=V m (the resolved sideband limit).
For linewidths satisfying the resolved sideband limit, the microwave fields incident on the circuit can be divided into two types of field on the basis of their frequencies (Fig. 1c) . Fields with frequencies near v c (preparation fields) prepare the itinerant mode in a particular state, which can be transferred into the mechanical oscillator. Fields with frequencies near v c 2 V m (transfer fields) transfer states between the mechanical oscillator and the microwave circuit. In the resolved sideband limit (that is, for k=V m ), these fields can remain spectrally distinct even when their strengths are varied more rapidly than k. The transfer field's strength (Fig. 1b) determines whether itinerant fields in a nearby transmission line or states of the resonator are transferred. Because the resonator's state evolves at rate k, if 2g 0 ffiffiffiffiffi ffi N d p vk then the resonator never completely contains the former or future state of the mechanical oscillator and the transfer process is between itinerant microwave fields and the oscillator 20 . If, instead, the coupling rate is increased such that 2g 0 ffiffiffiffiffi ffi N d p wk (the strong-coupling regime), the state of the resonator is swapped with that of the oscillator, setting the bandwidth limit of the transfer process for itinerant fields and the oscillator [21] [22] [23] (Supplementary Information). The phenomena of cooling, state measurement and optomechanically induced transparency can be understood as steady-state limits of the transfer process in one regime or the other. For example, if the preparation field is unexcited in its vacuum state, continuous application of the transfer field exchanges the thermal state of the mechanical oscillator for the ground state of the microwave field, cooling the oscillator [24] [25] [26] . Microwave fields emitted by the circuit carry away the thermal state, which can then be measured. If, instead, a transfer field and a preparation field are both applied continuously, they produce an interference effect in the response of the circuit to the preparation field (optomechanically induced transparency). All of these phenomena are consequences of the classical equations of motion for the coupled system; however, if the transfer rate between phonons and itinerant photons
exceeds the rate at which a single phonon is exchanged with the oscillator's environment, the transfer process is capable of exchanging single mechanical phonons and microwave photons. The factor k ext /k in equation (2) distinguishes the transfer rate to itinerant photons from the total transfer rate to all channels, C~4g
A single phonon enters from the environment at a rate given by *n env c m . The ratio of the total transfer rate to the environmental decoherence rate takes the form of a cooperativity parameter,C~4g 2 0 N d kn env c m . ForCw1, the system is in the quantum regime. The device we study is well suited to demonstrating state transfer because its linewidth satisfies the resolved sideband limit and it is capable of achievingC?1.
Efficiently transferring a state encoded in a pulse requires that the transfer process selects only the temporal envelope, or mode, of that pulse. From the equations of motion, it is evident that by controlling the envelope of the transfer field we should be able to choose the mode of the itinerant microwave fields transferred into or out of the macroscopic oscillator [27] [28] [29] [30] . For example, a constant transfer field maps the state of the mechanical oscillator into an itinerant microwave mode whose amplitude decays exponentially with rate C/2. Similarly, a constant transfer field captures an itinerant mode whose amplitude grows exponentially at rate C/2.
In Fig. 2 , we verify our ability to select particular modes and determine the state transfer efficiency. First we apply both a constant transfer field and a preparation field,
kHz, capturing some fraction of the preparation field in the oscillator. We store the captured fraction by turning off the transfer field at t 5 0 for a time t del 5 25 ms. To retrieve the state from the mechanical oscillator, we apply the transfer field again (Fig. 2a) . The voltage wave generated in the transmission line by the circuit, V out (t), is amplified using a sensitive microwave circuit and mixed down to a frequency v out =2p<1 MHz, at which it can be readily digitized. In Fig. 2b , we plot the coherent portion of V out (t) as AEV out (t)/V prep ae, inferred from the digitized voltage by averaging 600 repetitions of the protocol. The preparation field can bypass the oscillator and be measured at t , t del ; be captured by the oscillator, stored, retrieved and then measured at t . t del ; or be dissipated in the resonator or oscillator. When C<C prep , the transferred mode is well matched to the preparation pulse, as seen from the nearly complete extinction of the bypassed component. In contrast, the transferred mode is poorly matched to the preparation pulse when C=C prep or C?C prep . In Fig. 2c , we plot the measured coherent energy, E, normalized by the preparation energy, for both the bypassed field, (1=E prep )
V out t ð Þ h i 2 dt, and the retrieved field,
We find that when the total transfer rate, C, is equal to C prep , 65% of the energy is captured, stored and retrieved. Because the protocol comprises two state transfers (a capture and a retrieval) we infer an efficiency of g st~0 :81+0:02~ffi ffiffiffiffiffiffiffi ffi 0:65 p for a single transfer. The equations of motion for the system imply that the maximum possible transfer efficiency is g st 5 k ext /k 5 0.80 6 0.01. Indeed, we find excellent agreement between Fig. 2 and the expected behaviour with all device parameters independently determined. Figure 2 demonstrates a transfer process capable of exchanging energy coherently; to determine its potential for quantum applications, we measure the noise properties of the transfer process through the statistics of an ensemble of measurements. We calibrate the noise in units of quanta by first preparing the oscillator in a known thermal state. Namely, we set t del~7 5 ms?1=c m , allowing the oscillator to equilibrate with a known environment. When the transfer field is turned on, the state of the mechanical oscillator is mapped to a mode of the microwave field that decays exponentially at a rate C/2. The phase and amplitude of V out (t) after turning on the transfer field encode the state of the mechanical oscillator just before the field was energized. Using our knowledge of C and v out , we can extract the amplitude and phase of the microwave temporal mode from each realization of the measurement, and thus infer the state of the oscillator LETTER RESEARCH just before it was transferred. Rather than work with amplitude and phase variables, we prefer to describe the state of the oscillator in terms of quadrature amplitudes,X 1~b e iVmt zb { e {iVmt . 2 and X 2~b e iVmt {b { e {iVmt . 2i, which have the virtue of being canonically conjugate to each other. We refer to the inferred values ofX 1 and X 2 in any single measurement as X 1 and X 2 , respectively. This inference is not perfect because noise with both quantum and technical origins is added by the state transfer and subsequent measurement of the microwave field. We independently determine the variance of this noise and denote it 1/g 5 1/g m g st , where g m # 1 is the effective quantum efficiency for the measurement of the microwave state. For a mechanical oscillator in equilibrium with an environment at temperature T env , we expect the measurements of X 1 and X 2 to follow a two-dimensional Gaussian distribution whose variance depends on the environment's temperature as X !n env z1=g, where the brackets denote an ensemble average. Using a single normalizing factor, we can then express X 1 and X 2 in 'quantum units' such that X 2 1 zX 2 2 n env z1=g (Supplementary Information). In Fig. 3a , we plot 2,000 measurements of the oscillator's state with T env 5 25 mK and find a distribution consistent with a thermal state.
Having calibrated the measurements into quantum units, we now demonstrate that the transfer process can prepare states of the oscillator with a particular amplitude and phase, but with less than one quantum of noise. We apply the protocol of Fig. 2a with t del 5 25 ms and C~2p|7 kHz<4n env c m . We choose a preparation pulse containing 35 quanta and one of four different phases, w, chosen from the set {p/4, 3p/4, 5p/4, 7p/4}. Figure 3b shows the measurements of the state of the oscillator for 8,000 repetitions of the protocol, with 2,000 per phase. The data show that the phase of the preparation pulse is faithfully recovered after storage. Furthermore, the total variances in Fig. 3b are 13 times smaller than in Fig. 3a , signifying a lower entropy and thermal energy. We can distinguish an energy associated with the coherent component as N coh 5 AEX 1 ae 2 1 AEX 2 ae 2 and can identify the thermal, or noise, component as N th 5 AE(X 1 2 AEX 1 ae) 2 ae 1 AE(X 2 2 AEX 2 ae) 2 ae 2 1/g. From Fig. 3b , we then find a measurement efficiency 1/g 5 3.1 6 0.1 (Supplementary Information), a coherent component N coh 5 28.7 6 0.8 and a thermal component N th 5 0.9 6 0.1, where the stated uncertainty is the standard deviation of the four measurements. Although the average values, AEX 1 ae and AEX 2 ae, can be determined from the classical equations of motion, we cannot account for the distribution of X 1 and X 2 without including the quantum noise of measurement (Fig. 3b) . In previous measurements where the oscillator was simply cooled with a steady transfer field at C 5 2p 3 7 kHz, we found a thermal occupancy of 0.5 quanta 2 . Because the oscillator should acquire 0.3 quanta during the 25-ms storage period, we would expect the oscillator to have a thermal occupancy of 0.8 quanta just before the retrieval transfer. These results show that by state transfer we can prepare the oscillator in a particular state with less than one noise quantum and measure that state with sensitivity near the quantum limit.
Having demonstrated the ability to prepare the mechanical oscillator in a low-entropy displaced state, we can estimate the quantum state lifetime by observing the evolution of the state back into a thermal state in equilibrium with its environment. Figure 3c shows the evolution of N coh and N th as a function of t del , where we have chosen a preparation field such that N coh 0 ð Þ<n env~5 0. As expected, the coherent component exponentially decays while the entropy returns to the mechanical oscillator, both with rate c m . We find excellent agreement between the data and the predicted evolution. Thus, we can estimate the quantum state lifetime as the characteristic time to add a single phonon from the environment, 1/n env c m 5 90 ms.
For quantum applications, we envision transferring states with energy around one quantum. To test our transfer process in this regime, and to determine the accuracy of our state preparation protocol, we repeat the procedure of Fig. 2b , but reduce the preparation field amplitude such that the incident pulse contains approximately one quantum of energy, and again set t del 5 25 ms. By separately measuring the preparation pulse and using our knowledge of the transfer efficiency, we anticipate the phase and amplitude that we will retrieve from the oscillator. We compare this expected value to the measured values of AEX 1 ae and AEX 2 ae averaged from 2,000 repetitions of the protocol (Fig. 3d) . We find that the deviation of the measured values from the expected values is consistent with purely statistical error and is below 0.1 quanta for this preparation field, indicating that our state preparation protocol is accurate at this level.
Looking to the future, the ability to store microwave states in a lowloss mechanical oscillator provides an attractive tool in the growing field of quantum technology. Although our measurements here have dealt with classical states with energies on the level of single quanta, we can readily imagine incorporating a superconducting qubit to generate itinerant Fock states 15, 17 that could be stored in the mechanical oscillator 10, 14 . Our measurements also represent a step towards the more ambitious capture, storage and retrieval for an itinerant microwave field. The upper trace illustrates the preparation field, which has an exponential envelope rising at rate C prep /2 5 2p 3 3.2 kHz. b, Only when C<C prep do we find substantial extinction of the preparation pulse and efficient capture, storage and retrieval.
(The respective transfer rates for exact extinction and maximum efficiency coincide only if k in 5 0.) c, The coherent microwave energy, E, captured, stored and retrieved from the mechanical oscillator (blue points) is plotted as a function of the total transfer rate, C, where the y axis has been normalized to the total energy in the preparation field. At the point of maximum efficiency, we find that 65% of the coherent energy is captured, stored and retrieved. The black points show the fraction of the preparation field that bypasses the oscillator before being measured. The solid red lines are the expected results with all parameters determined separately, and the dashed line marks C 5 C prep .
RESEARCH LETTER
goal of transferring states between photons at microwave and optical frequencies [8] [9] [10] [11] [12] and using mechanical oscillators to generate entanglement 13 . As mechanical oscillators continue to develop in the quantum regime, new applications will emerge that exploit this quantum behaviour in the fields of fundamental physics, quantum information and precise force sensing. Our measurements demonstrate a novel means of controlling a mechanical oscillator, paving the way for many of these applications to become reality. measured after the application of a transfer field and yields a single point in quadrature phase space that represents the best estimate of the state of the mechanical oscillator. The points are 2,000 independent measurements of the state of the mechanical oscillator when in equilibrium at T env 5 25 mK. b, The phase of the preparation pulse in the protocol of Fig. 2a is rotated in p/2 increments with t del 5 25 ms and C 5 2p 3 7 kHz. We repeat the protocol 8,000 times, 2,000 times per phase. Each measurement yields a single point in phase space that has been coloured to correspond to the phase of the preparation field. The radii of the circles on the magenta data are given by ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi N th z1=g p , where the outer circle is the experimentally determined standard deviation and the inner circle is the quantum mechanical minimum, for which N th 5 0 and g 5 1. c, Occupancy of the oscillator as a function of t del is decomposed into a thermal component (black) and a coherent component LETTER RESEARCH
